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Abstract 
Conformational disorder in liquid alkenes and in the L,~ and Hrl phases of some unsaturated phospholipids has been monitored by 
FTIR spectroscopy. The CH 2 wagging region (1330-1390 cm -~) in saturated chains contains vibrations of particular 2- and 3-bond 
conformational states as follows: 1341 cm- i  end-gauche (eg); 1352 cm =, double gauche (gg); 1368 cm-=, the sum of kink and gtg 
states. In unsaturated chains, this spectral region revealed an additional band at 1362 cm ~ and (occasionally) a feature near 1348 cm-1. 
The 1362 cm-~ band is tentatively assigned to the wagging of CH 2 groups adjacent to the C = C bond. Substantial populations of both 
gg and (kink+gtg) states are evident in the L,~ phases of unsaturated phosphatidylcholines (PC's). Unsaturated phos- 
phatidylethanolamines (PE's) are more ordered than their PC counterparts, and possess fewer gg and eg states. Chain disorder in the HII 
phase of PE's approaches that in L,~ phases of unsaturated PC's. Changes in conformer distributions during the L~, -0  HII transition in 
1,2-dioleoylphosphatidylethanolamine (DOPE), 1-palmitoyl,2-oleoylphosphatidylethanolamine (POPE), 1,2-dielaidoylphosphatidy- 
lethanolamine (DEPE), and N-methyI-DOPE(N-MeDOPE) were semi-quantitatively stimated. For DOPE and DEPE, slight cooperative 
increases in both gg and (kink + gtg) states occur, for POPE only the gg population increases and for N-MeDOPE only the kink + gtg 
populations increase. These disorder increases are consistent with the small calorimetric A H for this transition. Difficulties in quantitative 
determination f conformational disorder in unsaturated chains are discussed. 
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1. Introduction 
The phospholipids in native biological membranes are 
typically characterized by a high percentage of cis unsatu- 
ration at the acyl chain sn-2 position. Despite this fact, the 
most detailed physical information about phospholipid or- 
ganization comes from studies of model systems with two 
saturated chains such as the widely studied 1,2-dipalmi- 
toylphosphatidylcholine (DPPC). One reason for the rela- 
tive paucity of structural/dynamic data for unsaturated 
Abbreviations: DEPE, 1,2-dielaidoylphosphatidylethanolamine; 
DOPE, 1,2-dioleoylphosphatidylethanolamine; DPPC, 1,2-dipalmitoyl- 
phosphatidylcholine; DSC, differential scanning calorimetry; FTIR, 
Fourier transform infrared; GC-MS, gas chromatography-mass spectrome- 
try; LiA1H 4, lithium aluminum hydride; N-MeDOPE, N-methyl-l,2-di- 
oleoylphosphatidylethanolam ine ; POPC, l-palmitoyl,2- 
o leoylph osphat idy lcho l ine ;  POPE,  1 -palm itoyl ,2- 
oleoylphosphatidylethanolamine; NMR, nuclear magnetic resonance; 
THF, tetrahydrofuran. 
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systems is the lack of high resolution X-ray data for these 
molecules to provide a basis for conformational studies of 
biologically more relevant disordered phases. 
Some thermodynamic and dynamic data are available 
for bilayers with unsaturated chains. Inclusion of a cis 
C = C bond drastically lowers the gel ~ liquid crystal 
phase transition temperature, T m, the effect being maximal 
for C = C bonds near the chain center [1]. Differential 
scanning calorimetry (DSC) [2] reveals transition en- 
thalpies reduced from their saturated counterparts of the 
same chain length. 2H-NMR [3] studies of 1-palmitoyl,2- 
oleoylphosphatidylcholine (POPC) reveal that the order 
parameter profile of the (deuterated) palmitic acyl chain is 
similar to that for disaturated systems. However, the mag- 
nitudes of the order parameters are reduced, suggestive of 
more conformational disorder in the L,~ phase. Acyl chain 
unsaturation has recently been reported to cause conforma- 
tional fluctuations of uncertain origin in vesicles [4] and in 
intact cells of Acholeplasma laidlawii enriched in oleoyl 
chains [5]. To augment he experimental work, molecular 
mechanics (MM) calculations for POPC [6] and Monte 
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Carlo dynamics (MCD) and Brownian dynamics (BD) 
studies of motions in cis-unsaturated hydrocarbon chains 
[7,8] have recently appeared. 
In addition to the gel ~ liquid crystal transition, unsatu- 
rated PE's undergo a transformation to the non-bilayer 
inverted hexagonal (Hll) phase. This polymorphism has led 
to suggestions of biological functions in which the H II 
phase may be implicated, such as membrane fusion [9] or 
membrane-bound enzyme activity [10]. X-ray diffraction 
has yielded information about lattice structures [11,12] in 
the hexagonal phase. Acyl chain dynamics have also been 
probed with 2H-NMR [13,14]. Orientational order of the 
acyl chains is systematically ower in the HII phase than in 
the L~. 
Lacking from the above studies is a description of the 
acyl chain conformational states adopted in disordered 
phases. Such data would be a useful complement to the 
molecular modeling approaches and for interpretation of
experiments such as NMR and fluorescence spectroscopies 
which deal with motions lower than trans-gauche isomer- 
ization, the fastest acyl chain motion. 
FTIR spectroscopy has proven useful for identification 
of chain conformations in saturated alkanes and phospho- 
lipid bilayers. Particular two- or three-bond conformational 
states in disordered phases give rise to localized CH 2 
wagging modes absorbing in the 1300-1370 cm ~ region 
as follows; end-gauche (eg) conformers around the penul- 
timate C-C bond, 1340 cm-~; double gauche (gg) con- 
formers, 1352 cm -1, and both kink (gtg') and gtg states, 
1368 cm-~ [15]. Band intensities have been quantitatively 
correlated with these conformations [16-19]. The current 
study extends in three ways prior investigations (of satu- 
rated chains) to the conformational nalysis of unsaturated 
chains. First, complications to the wagging region induced 
by the C = C bonds are revealed through spectra of liquid 
alkenes. Second, spectra of 1,2-dioleoylphosphatidyl- 
choline (DOPC) are compared with cis-9-octadecene to
determine those conformational states which predominate 
in the L~ phase. Finally, semi-quantitative estimates of the 
conformational changes that occur during the L~ ~ nil 
interconversion in some unsaturated PE's are presented. 
2. Materials and methods 
2. I. Materials 
Phospholipids, from Avanti Polar Lipids (Alabaster, 
AL) and unsaturated fatty acid methyl esters from Sigma 
(St. Louis MO) were used without purification. Purity was 
verified in some instances by gas chromatography and 
DSC. Alcohols (for alkene synthesis) were purchased from 
NuChek-Prep (Elysian, MN). Tetrahydrofuran (THF) was 
freshly distilled from sodium and benzophenone (Fluka 
Chemika-Biochemika, Ronkonkoma, NY) and stored un- 
der nitrogen over 4 A molecular sieves. Both lithium 
aluminum hydride (LiAIH 4) and a sulfur trioxide-pyridine 
complex were obtained from Aldrich (Milwaukee, WI). 
Heat transfer fluid was purchased from PolyScience (Niles, 
IL). 
2.2. Synthesis of alkenes 
9-cis-Octadecene and other alkenes were synthesized 
from the relevant alcohols via sulfur trioxide-pyridine 
complexation in THF solution and subsequent LiA1H 4 
reduction [20]. Product purity was confirmed by GC-MS, 
NMR and FTIR. 
2.3. Sample preparation for FTIR 
Phospholipids, dried from CHC13 solutions, first under 
a stream of N 2 and then under high vacuum, were dis- 
persed in double distilled H20 in sealed ampules (usually 
4:1 (w/w) H20/l ipid) at temperatures well above T m. 
Samples were incubated for 2-3 h with intermittent agita- 
tion to ensure complete hydration. For FTIR thermotropic 
studies at temperatures greater than 0°C, the aqueous dis- 
persions were contained in a thermostated transmission 
cell (Harrick Scientific, Ossining, NY) equipped with CaF 2 
windows and a 'Teflon 'T" spacer of 6 ~m thickness. 
Temperature control was achieved with a Haake circulat- 
ing water bath. For temperatures between - 30°C and 0°C, 
control was achieved with heat transfer fluid. Temperature 
was monitored with a digital thermocouple placed adjacent 
to the point where the IR radiation was focused. Tempera- 
ture precision is _+0.1°C; temperature accuracy is esti- 
mated at +_0.5°C. For the temperature ange -100°C to 
0°C, samples were housed in a liquid N 2 dewar equipped 
with external AgC1 IR windows. Both the external win- 
dows and the cell containing the sample could be individu- 
ally heated. Temperature regulation was achieved with 
controlled boil-off of liquid N 2. Typical variation during a 
run is +2°C. 
2.4. FTIR spectroscopy 
FTIR spectra were acquired with a Mattson RS-l inter- 
ferometer equipped with a mercury cadmium telluride 
detector or with a Digilab FTS-40 spectrometer quipped 
with a deuterated triglycine sulfate detector. Spectra were 
obtained at = 4 cm -t resolution, under N~ purge, by 
co-addition of 256 interferograms. The resultant interfero- 
grams were apodized with a triangular function and 
Fourier-transformed with one level of zero filling to yield 
data encoded every = 2 cm -~. Data from two or three 
independent preparations were acquired for all samples. 
2.5. IR data reduction 
For quantitative analysis of CH 2 wagging modes in the 
1300-1400 cm-~ region, spectra were corrected for any 
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minor residual water vapor absorption bands, using spectra 
of the latter recorded under the same conditions of instru- 
ment aperture and resolution. Subtraction factors were 
determined from water vapor bands in the 1900-1980 
cm-~ region. Following the subtraction process, residual 
water vapor absorbance in region of interest was less than 
10 -5. A linear baseline was then selected connecting 
observed spectral minima between 1329 + 1 and 1393 +__ 1 
cm ~. Spectra were transferred to an off-line microcom- 
puter and processed with software supplied by the National 
Research Council of Canada. To enhance the resolution in 
this spectral region, a Fourier self-deconvolution procedure 
with a half-width of 12 cm-~ and a K value of 2, was 
employed [21 ]. For curve fitting, the spectral bands studied 
were simulated with mixed Gaussian-Lorentzian functions 
over the 1329-1393 cm 1 spectral range. Initial selection 
of frequencies was based on literature values for the CH 2 
wagging modes as well as for the methyl 'umbrella' 
(symmetric deformation) mode near 1378 cm -~. Line 
widths and intensities for the input bands as well as the 
relative contributions of Gaussian and Lorentzian shapes to 
the entire set of bands (treated as a single parameter) were 
allowed to vary during the computation. The intensities of 
the individual wagging modes were ratioed to the methyl 
umbrella mode to produce the relative intensities used in 
calculations. 
The CH 2 stretching modes are in a spectral region 
(2800-3100 cm - j )  which lies on a slope of the liquid 
H20 stretching vibration. To compensate for this feature, a
liquid water spectrum collected under the same conditions 
as the sample spectrum was subtracted. Peak positions of 
the symmetric (= 2850 cm - l )  and asymmetric (=  2920 
cm -I ) CH 2 stretching modes were determined with a 
center of gravity algorithm [22]. 
3. Results 
3.1. Liquid alkenes 
IR absorbance and deconvolved spectra for liquid 9- 
cis-octadecene in the CH 2 wagging region (= 1330-1390 
cm- ~ ) are presented in Fig. 1 A and B, respectively. This 
chain length is the focus of the current study as oleoyl 
chains are amongst he most common in native mem- 
branes. Spectra at several temperatures between 20 and 
85°C are overlaid, offset from one another. The strongest 
band in this spectral region arises from the symmetric 
methyl deformation ('umbrella') mode at 1378 cm - l .  
Although the absorbance data (Fig. 1A) are broad, bands at 
= 1341 and 1351 cm -1 are readily observed and assigned 
to eg and gg modes. Resolution enhancement of the 
contour by Fourier self-deconvolution (Fig. 1B) reveals the 
presence of a previously unidentified feature (present as a 
shoulder) at 1362 cm -~ in addition to the 1368 cm -1 
(kink +gtg)  mode. A possible additional feature in the gg 
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Fig. 1. (A) IR absorbance spectra for 9-cis-octadecene at various temperatures. Eleven (11) spectra re offset for clarity and are presented from bottom 
(35°C) to top (85°C) in intervals of = 5 K. (Inset: IR absorbance data of 5-cis-decene at5.3, 27.3, 45.8, 65.5 and 80.4°C, from bottom to top. Note the 
intense feature at 1361 cm-i  ) (B) Deconvolved IR spectra for 9-cis-octadecene at various temperatures. Presented as in (A). Bands arising from particular 
vibrational modes are marked. Note the shoulder at = 1362 cm- i. 
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Fig. 2. (A) IR absorbance spectra for octadecane. Nine (9) spectra re offset for clarity and were collected (bottom to top) at 27.7, 34.8, 40.6, 48.2, 56.1, 
65.5, 75.9, 83.4, 91.9°C, respectively. (B) Deconvolved IR spectra octadecane atvarious temperatures. Presented as in (A). Bands arising from particular 
vibrational modes are marked. Note the absence of intensity at 1362 cm- ~. 
region is also detected as a weak peak at --~ 1358 cm -~ in 
addition to the major component. The association of the 
feature at 1362 cm -~ with wagging modes from methy- 
lene groups adjacent o the C = C bond is made plausible 
by examination of original (undeconvolved) spectra of 
5-cis-decene (inset in Fig. 1A). The relatively short chain 
lengths on either side of the C = C bond preclude the 
extensive formation of kink + gtg conformers with their 
concomitant IR intensity at 1368 cm ~. The appearance of 
a band at 1362 cm ~ is evident in the inset and does not 
require resolution enhancement of the data. The necessity 
to deconvolve longer chain IR data (Fig. 1B) arises as their 
spectra naturally contain greater contributions from kink + 
gtg sequences leading to intensity at 1368 cm -~ that 
overlaps the 1362 cm-  J band. 
For comparison with saturated species, absorbance and 
deconvolved spectra of octadecane are shown in Fig. 2 A 
and B, respectively. The four expected features (three 
wagging modes and the methyl umbrella mode) are evi- 
dent, with no significant band occurring at 1362 cm-  
either in the raw absorbance or resolution-enhanced data. 
These data offer support to the assignment of the 1362 
cm ~ mode to the wagging of CH 2 groups adjacent o the 
C = C bond. 
3.2. Phospholipids 
The presence of a previously unidentified feature at 
1362 cm 1 in 9-cis-octadecene (and in all other long chain 
alkenes in the range C16-C24) led us to search for this 
band in unsaturated phospholipids. Deconvolved spectra of 
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Fig. 3. Deconvolved spectra of phospholipids in the CH 2 wagging region. 
(a) DOPC: 91.8°C, La phase; (b) 1,2-dierucoylPC: 87.1°C, L~ phase; (c) 
DOPE: 30.3°C, HI1 phase; (d) N-MeDOPE: 86.4°C, Hql phase; (e)POPE: 
89.9°C, Hll phase. Note the peaks/shoulders in the 1361-1365 cm -~ 
region of a-d. 
N.-C. Chia, R. Mendelsohn / Biochimica et Biophysica Acta I283 (1996) 141-150 145 
the wagging region for five phospholipid molecules in 
both the L~ and HII phases are shown in Fig. 3. It is noted 
that in the raw absorbance data (not shown), the 1368 
cm-~ band occasionally has a shoulder on its low fre- 
quency side, but a clear peak a 1362 cm-] is hardly ever 
observed. This observation is consistent with the data in 
Fig. 1, which suggests that the presence of the relatively 
long sequences of CH 2 groups permits the formation of 
conformers that absorb at 1368 cm -~, thereby obscuring 
the underlying and overlapped 1362 cm 1 feature. For 
DOPC and 1,2-dierucoytPC (L~ phases), DOPE and N- 
MeDOPE (HII phases), the deconvolved spectra reveal 
bands in this region whose frequency varies from a well 
defined feature at = 1360 cm J to a shoulder several 
wavenumbers higher. For HII phase POPE in Fig. 3e no 
band is resolved, though some underlying intensity may be 
present. In addition to the appearance of the 1362 cm-J 
band, an additional feature in the vicinity of the gg mode 
is occasionally manifest as a doublet at = 1348, 1354 
cm -n. These can best be discerned for the PC's; we 
reiterate that the identification is tentative. 
In prior studies of two or three bond conformational 
disorder in disaturated phospholipids [17], wagging mode 
intensities were compared to those of alkanes of the same 
chain length. A similar procedure was adopted in the 
present work, with alkenes as the reference standard. To 
determine the contribution of each spectral feature (includ- 
ing the 1362 cm ~ and 1348 cm-~ bands, if needed) to 
the original contour, curve-fitting analyses using band 
positions determined from second derivative spectroscopy 
was carried out. Typical results are demonstrated in Fig. 4 
for HII phase N-MeDOPE at 89.7°C. The difference be- 
tween the original contour (solid line) and the sum of the 
constituent bands (dashed lines) is small (random devia- 
tions between calculated and observed spectra less than 
1% across the contour) and is typical of the quality of data 
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Fig. 4. Curve-fitting of the N-MeDOPE spectrum (89.7°C) in the CH~ 
wagging region. Six bands were used in the fit. Original spectrum, 
( - - ) ;  individual bands and their sum, ( - - - ) .  
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Fig. 5. (A) Temperature dependence of the relative intensity for the 1368 
cm-] (kink+ gtg) marker band for 9-cis-octadecene (O)  and for DOPC 
(•). (B) Temperature dependence of the relative intensity for the 1362 
cm-u band for 9-cis-octadecene (O)  and for DOPC (•). 
reduction protocols. Thus, these six bands provide an 
adequate representation of the DOPE wagging contour. For 
some systems, inclusion of the 1348 cm-1 band does not 
improve the fit and is omitted. 
For determination of conformational order, the band 
intensities of the conformation marker bands at 1368, 
1362, 1352, 1348, and 1341 cm 1, normalized to the 1378 
cm-1 intensity, are plotted for DOPC and for 9-cis-oc- 
tadecene in Figs. 5 and 6. For comparative purposes, the 
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Fig. 6. (A) Temperature dependence of the relative intensity for the 1352 
cm-] (gg) marker band for 9-cis-octadecene (O)  and for DOPC (•). 
(B) Temperature dependence of the relative intensity for the 1348 cm- l  
marker band for 9-cis-octadecene (O), and for DOPC (•). (C) Tempera- 
ture dependence of the relative intensity for the 1341 cm-] (eg) marker 
band for 9-cis-octadecene (O), and for DOPC (•). 
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Fig. 7. (A) Temperature dependence of the relative intensity for the 1368 
cm-t  (kink + gtg) marker band for hexadecane (O),  for DPPC (• ) ,  and 
for DPPE (• ) .  (B) Temperature dependence of the relative intensity for 
the 1353 cm -t (gg) marker band for hexadecane (O), for DPPC (• ) ,  
and for DPPE ( • ). (C) Temperature dependence of the relative intensity 
for the 1341 cm I (eg) marker band for hexadecane ( t ) ,  for DPPC 
( • ), and for DPPE ( • ). 
intensity ratios for the phospholipids have been halved 
(except for the eg mode) to account for the fact that there 
is only one methyl group/chain in the phospholipids. The 
intensity of the 1368 cm- ~ band for the alkene (Fig. 5A) is 
seen to decrease with temperature. This is a non-intuitive 
result, since the number of kink + gtg states is expected 
(from theories such as the rotational isomeric state (RIS) 
model [23]) to increase with temperature. A similar result 
has been observed for a series of saturated alkanes [17]. 
For DOPC, the expected temperature dependence at 1368 
cm ] is noted. The intensities of the other conformation 
markers increase more or less monotonically with increas- 
ing temperature. For comparison, the 1368, 1353, and 
1341 cm ~ bands for DPPC and DPPE (L~ bilayer phases) 
are compared with the data for hexadecane in Fig. 7 A-C. 
3.3. The L.  ~ HI1 interconuersion in DOPE and N- 
MeDOPE 
The thermotrop]c behavior of the CH 2 symmetric 
stretching band near 2850 cm t is shown in Fig. 8 for 
DOPE. This parameter qualitatively monitors acyl chain 
conformational disorder, the frequency increasing as disor- 
der is introduced. The main gel ~ liquid crystal transition, 
as revealed by a = 1.6 cm-~ increase, appears between 
-7  and -5°C,  in good agreement with literature values 
[12]. A second transition is evident at approx. 8-10°C, also 
in accord with the literature value for the L~ ---, HII transi- 
tion [24]. The frequency increase for this transition is small 
(0.2-0.3 cm-]) ,  but is consistently observed, and demon- 
strates the precision of FTIR (for a previous IR study of 
L~ ~ HII interconversion using this parameter, see [25]). 
The discontinuity near 0°C arises from the effect of changed 
spectral background on the measured frequency when the 
ice in the sample melts and is not a lipid structural 
transition. 
Figs. 9 and 10 present the intensities (determined from 
curve fitting) of the various wagging modes for DOPE and 
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Fig. 8. Temperature dependence of the CH 2 symmetric stretching frequency for DOPE. The gel-liquid crystal transition is detected at = -7°C,  while the 
L~-H U transition is centered at 8-9°C. The slight decrease, evident as a discontinuity at = 0°C, arises from the effect of changed spectral background on 
the measured frequency when the ice in the sample melts and is not a lipid structural transition. 
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fitting. The bands at 1368 and 1353 cm I (Fig. 9A and 
Fig. 10A) show discontinuities at the L~-HII transition, 
thereby revealing increases in the (kink +gtg) and gg 
populations, respectively. In contrast, the 1341 cm -1 band 
(Fig. 10C) shows at most only a small discontinuity at this 
transition. The 1362 cm-~ band (Fig. 9B) also undergoes a 
cooperative intensity increase. 
N-MeDOPE has a higher L~ ~ HII transition range 
(65-70°C) than DOPE, consistent with its substantially 
larger headgroup. The temperature profiles of the wagging 
mode intensities differ significantly from those for DOPE 
in that the only vibration to demonstrate a substantial 
discontinuous change during the transition is the (kink + 
gtg) marker band (Fig. 9A). For POPE, the gg marker 
band alone shows a cooperative increase, while for DEPE 
both the gg and (kink + gtg) populations increased uring 
this transition (data not shown in either case). 
4. Discussion 
4.1. Complications for quantitative analysis 
N-MeDOPE compared with 9-cis-octadecene. Equivalent 
data (not shown) have been collected for DEPE and POPE. 
For DOPE as noted above, the 1348 cm-1 intensity was 
negligible, thus this feature was not included in the curve- 
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Fig. 10. (A) Temperature dependence of the relative intensity for the 
1353 cm-1 (gg) marker band for 9-cis-octadecene (O), for N-MeDOPE 
(• ) ,  and for DOPE (A). (B) Temperature dependence of the relative 
intensity for the 1348 cm i marker band for 9-cis-octadecene (O), for 
N-MeDOPE (• ) ,  and for DOPE (• ) .  (C) Temperature dependence of 
the relative intensity for the 1341 cm a (eg) marker band for 9-cis-oc- 
tadecene (O), for N-MeDOPE (• ) ,  and for DOPE (• ) .  
Conversion of the intensities in Figs. 5-7, 9 and 10 to 
conformational populations is complicated by several fac- 
tors compared with the analysis of saturated chains. For 
saturated systems, the RIS model is used to generate 
conformational statistics for the reference alkane. The 
measured alkane intensities are then compared with those 
of the phospholipids to determine conformational states in 
the latter. A qualitative xample of the process is shown in 
Fig. 7B. The population of gg states in DPPC (above T m) 
is about 1/2 of that in liquid hexadecane. This is a direct 
measure of bilayer-induced constraints to conformational 
disordering. A further decrease of a factor of 2-3 is seen 
in this intensity in going from DPPC to DPPE. This 
decrease directly monitors the tighter chain packing that 
results from the smaller PE headgroup. The main source of 
conformational disordering in DPPC or DPPE is the sum 
of kink +gtg states measured by the 1368 cm-1 intensity 
(Fig. 7A). The intensity of this mode is at least 70% of that 
in alkanes. 
Extension of these procedures to unsaturated chains is 
hampered in several ways. First, the conformations and the 
conformational energetics of the C-C bonds adjacent to the 
double bond are not well determined. From microwave 
[26] and NMR studies for gaseous 1-butene [27], two 
dominant conformers, the cis and skew forms, were shown 
to co-exist. The energy difference between them is small, 
150 + 150 cal, with the skew form more stable. In con- 
trast, other vibrational spectroscopic [28] and NMR studies 
[29] concluded that the cis conformer is more stable by 
100 _+ 50 cal/mol. 
Experimental extensions of these (somewhat contradic- 
tory) gas phase results to molecules more relevant to 
phospholipids are sparse. One study [30] identified two 
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Fig. 11. The (a) dicis, (b) skew-skew and (c) skew-skew' conformers, 
illustrated for cis-3-hexene. 
crystalline forms in the Raman spectra of solid oleic acid 
corresponding to the (skew, skew) and (skew, skew') states. 
These had melting points of 13°C and 16°C. The structures 
are depicted for cis-3-hexene along with the energetically 
less likely dicis conformation i Fig. 11. 
The lack of crystal structure data and the uncertainty as 
to the conformational states that occur for unsaturated 
phospholipids has led investigators to rely on computer 
simulations to deduce the effects of introducing a C = C 
bond into the middle of an isolated all-trans chain (i.e. the 
gel state of the molecule). MM calculations for POPC [6] 
suggest that skew conformations of the carbon skeleton are 
widely adopted in unsaturated alkenes. The calculations 
reveal thirteen types of nearly isoenergetic structure motifs 
in the neighborhood of this bond. Some conformations 
near the C = C bond containing kinks appear to be readily 
interconvertible, as the two C-C bonds adjacent o the 
double bond are highly flexible. Kink-like sequences of the 
form tAs g+, g+s+As +, s+As+g + (A is the C=C 
bond and s*,s are skew forms with opposite rotational 
senses), were all calculated to be of similar energy (energy 
differences between them < = 3 kT). Depending on bar- 
tier heights, these states will coexist and interconvert. 
Similar considerations probably apply to the L,~ phase, 
although no detailed modeling has been found by the 
authors for this phase for unsaturated systems. These con- 
formations produce additional possibilities compared with 
saturated chains for the wagging mode frequency of the 
methylenes adjacent o the double bond. It is anticipated 
that the CH 2 wagging frequency for any of these se- 
quences would be close to 1368 cm-~; thus the 1362 
cm 1 band is very tentatively assigned to any or all of 
these conformer states. Such an assignment is consistent 
with the data in Fig. 1. However, this assignment is very 
difficult to prove without an extensive set of derivatives 
providing experimental data from which to generate an 
accurate force field for unsaturated molecules. 
In addition to uncertainty about the conformations of 
the C-C bonds adjacent o the C = C bonds in alkenes, the 
applicability of the RIS model to each half of the acyl 
chain is untested. In bilayer states, one might guess that 
the half of the acyl chain toward the center of the bilayer 
has a different distribution of conformational order than 
that in the polar region, consistent with Raman data [31]. 
Table 1 
Cooperative changes in 2- or 3-bond conformational states for unsaturated PE derivatives during the L,~ ~ HII transition 
Molecule Tno a Thc b Conformer A conformer c A H a ,.X H~o, f h 
(°C) (°C) (ca l /mol )  (ca l /mol)  
DOPE 8.7 11 gg 0.117 300 e -~ 150 
kink + gtg 0.029 
POPE 65.9 70.6 gg 0.042 250 r = 40 
DEPE 62.0 65.0 kink +gtg  0.043 250 f = 100 
gg 0.061 
N-MeDOPE 61.0 65.7 kink + gtg 0.044 250 g ~ 40 
a Onset temperature for L~ ~ Hi1 transition. 
b Completion temperature for L,~ ~ HII transition. 
Changes in the number of the indicated conformers over the indicated temperature interval; changes are calculated from the RIS model with Eg = 500 
ca l /mol .  
a As determined from DSC data. 
Gawrisch et al. [32]. 
f Current study. 
g Siegel et al. [33]. 
h Enthalpy change due to increased conformational disorder. Calculated from the sum of cooperative changes in IR marker band intensities. This is a 
semi-quantitative alue and has been rounded off to 1 or 2 significant figures. See text for details. 
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Thus any IR-determined conformations for each two- or 
three-bond conformer will report the sum of the behavior 
in each half of the phospholipid acyl chains. 
The appearance of new spectral features derived from 
unknown conformational states creates problems with the 
quantitative analysis of the IR data. The band at 1348 
cm-E in DOPC probably affects the intensity (as deter- 
mined from curve-fitting) of the neighboring 1353 cm-] 
band, so that the latter is much reduced in alkenes vs. 
alkanes (compare Fig. 6A,B with Fig. 7A). Similar com- 
ments pertain to the 1362 cm ~ band. In addition, al- 
though it is tacitly assumed that the new feature(s) in the 
wagging regions arise from CH 2 wagging modes of the 
methylenes adjacent o the double bond, this is not neces- 
sarily true. For example, the presence of the C = C bond 
may create kinks or gg states in the rest of the chain with 
geometries that are slightly distorted from the norm. These 
new geometries may create wagging frequencies lightly 
shifted from 1368 or 1353 cm- i. 
Even under the above limitations, it is feasible to 
semi-quantitatively stimate changes (rather than the abso- 
lute levels) in the population of particular two- or three- 
bond populations during the L=-HII interconversion. The 
calculation assumes that Eg (the energy of a gauche bond 
relative to a trans in those chain regions away from the 
C = C bond) is 500 cal. The RIS model is applied sepa- 
rately to the methylene sequences on either side of the 
C = C bond for the alkene. The results are shown in Table 
I and are relatively independent (+ 5%) of the conforma- 
tion of the C-C adjacent o the C = C bond in the chain. 
Included in Table 1 are A H data for the transitions as 
determined calorimetrically. 
4.2. Acyl chain conformations in unsaturated lipids 
Despite limitations to quantitative analysis noted above, 
several conclusions may be drawn from the current experi- 
ments. In prior studies of conformational changes in disat- 
urated PC's [16,17], the kink+gtg conformer set was 
shown to be the dominant form of conformational disor- 
dering, and the presence of gg states fairly minor. Similar 
effects were noted for DOPC, although a smaller propor- 
tion of kink + gtg states (at low temperatures) i  observed 
for the latter. This diminution may be related to artifacts of 
curve-fitting, i.e. the effects of the 1362 cm-] band on the 
kink + gtg marker band intensity. At low temperatures, 
both gg and (kink + gtg) states are responsible for disor- 
dering in DOPC, whereas at high temperatures a greater 
proportion of the disordering is from (kink + gtg) forms. 
We speculate that the gg states dominate in the lower half 
of the chain and are relatively unaffected by temperature. 
The eg and gg populations in the L~ phase of DOPE 
(Fig. 10 A, C) are much reduced from those for DOPC 
(Figs. 5 and 6), a result similar to that observed for the 
saturated chains (Fig. 7). In addition, kink + gtg forms are 
present at similar levels in both cases. Above the L~ ~ Hll 
transition for DOPE, the populations of the gg and eg 
states, and approach those of L~ phase DOPC. 
4.3. Determination of conformational changes during the 
L(-HII intercom, ersion 
The populations of gg and (kink + gtg) states increase 
by about 0.12 and 0.028 per chain, respectively, during the 
L~ ~ HII transition in DOPE (Table 1). If Eg is assumed 
to be 500 cal/mol, then these increases involve an en- 
thalpy change of roughly 150 cal/mol (note that one gg, 
kink or gtg state involves the formation of two gauche 
bonds). Considering the approximations and assumptions 
involved, this estimate is at best semi-quantitative, but is at 
least in line with the low measured calorimetric enthalpy 
of 300 cal/mol. Similar values deduced for the other 
molecules are listed in Table 1. It is evident hat not all the 
enthalpy change arises from chain disordering. Hydration 
state changes and headgroup rearrangements certainly pro- 
duce additional contributions [32]. 
Conformational disorder for N-MeDOPE is much 
greater than in DOPE, a consequence of the larger head- 
group in the former. This enhanced isordering (evident 
from the curve-fitting results in Figs. 3 and 4) is manifest 
by increased gg, eg, and 1348 cm ~ intensities in N- 
MeDOPE, when the same phases are compared (see Fig. 
10). The larger headgroup also delays the onset of the 
L ,  ~ HII transition. The inherent occurrence of greater 
disorder in the acyl chains of N-MeDOPE may explain the 
differences observed in the thermotropic behaviors at this 
transition for the two molecules. Large increases in the 
1368, 1362 and 1353 cm ] bands are seen for DOPE, 
whereas only the first of these increases cooperatively for 
N-MeDOPE. The 1353 cm -~ band already exhibits sub- 
stantial intensity in the bilayer phase of N-MeDOPE, so 
that the constraints to gg forms in L,~ DOPE are alleviated 
for N-MeDOPE. 
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